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SUMMARY 

\ 

A  selection  scheme  for  Cr-doped  semi -insulating  GaAs  substrate  for 
ion  implanted  FET  structures  has  been  developed.  The  surface  resistivity  of 
high  quality  semi -insula ting  substrates  protected  by  a  Si^Njpcap  is  found  to 
change  by  less  than  an  order  of  magnitude  after  heat  treatment  at  85oSc  for 
30  minutes.  The  reproducibility  of  the  carrier  concentration  profiles  achieved 
by  Se  implantation  into  those  selected  GaAs  material  (from  5  different  boules) 
is  approximately  *10%  in  peak  doping  level  and  maximum  penetration. 

A  capless  annealing  technique  for  the  removal  of  crystal  damages 
induced  during  ion  implantation  for  FET  structures  has  been  successfully 
carried  out.  For  high  dose  Se  implants,  nearly  identical  electron  concentra¬ 
tion  can  be  achieved  by  the  capless  annealing  technique  as  can  be  obtained  by 
annealing  with  an  aluminum  oxy-nitride  protective  cap  for  samples  implanted 
with  the  same  dose  and  annealed  for  the  same  time  period  and  temperature.  The 
complexity  of  the  ion  implantation  procedure  for  GaAs  device  structure  prepara¬ 
tion  is  considerably  simplified  by  the  development  of  this  novel  capless 
annealing  scheme., 
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INVESTIGATION  OF  TECHNOLOGICAL  PROBLEMS  IN  GaAs 
Quarterly  Technical  Report  No.  3 
as  of  April  15,  1976 


1.0  INTRODUCTION 

The  lack  of  reproducibility  and  reliability  in  GaAs  devices  has 
resulted  in  low  yield  and  high  unit  cost,  preventing  their  potential  system 
applications  from  being  realized.  The  objective  of  this  contract  is  to  in¬ 
vestigate  and  solve  technological  problems  in  the  development  of  GaAs  devices, 
such  as  the  IMPATT  diode  and  the  Schottky  barrier  gate  FET.  The  areas  of  research 
relevant  to  these  devices  are: 

A.  Growth  of  high  quality  semi -insulating  GaAs  substrate  material. 

B.  Quality  evaluation  of  semi -insulating  substrates. 

C.  Epitaxial  growth  of  high  resistivity  buffer  layers. 

D.  Growth  of  ultra-thin  and  high  purity  epitaxial  layers. 

•  E.  Ion  implantation  to  form  n-type  layers  on  semi -insulating  sub¬ 

strates  or  device  structures. 

F,  RF  measurement  on  GaAs  devices  for  material  characterization 
and  technology  evaluation. 

These  activities  are  carried  out  at  the  Science  Center  and  the 
participating  subcontractors.  Improvement  in  reliability  and  yield  of  microwave 
devices  is  anticipated  as  a  result  of  this  GaAs  technology  program. 

2.0  PROGRAM  GOALS  AND  TECHNICAL  APPROACH 


2 . I  Epitaxial  Material  Growth  and  Characterization 

The  goal  is  to  investigate  material  and  processing  technology  to 
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improve  the  control  of  growth  parameters,  enhancing  the  reproducibility  and 
the  reliability  of  devices.  Problems  related  to  epitaxial  film  properties  such 
as  the  uniformity  in  thickness  and  carrier  concentration,  dislocation  density, 
interface  properties,  surface  damage,  and  background  impurity  densities  are 
studied. 

2.1.1  High  Resistivity  GaAs  Layers 

This  research  program  is  aimed  at  establishing  parameters  (temperature, 
dopants,  distribution  coefficients,  etc.)  necessary  for  the  growth  of  thin  layers 
of  high  sheet  resistance  (**  10^  ohm/ci)  GaAs  on  semi -insulating  GaAs  substrates 
by  means  of  liquid  phase  epitaxial  (LPE)  techniques.  In  addition,  the  electrical 
properties  of  these  layers  are  measured  to  study  electron  transport  mechanism 
and  to  provide  information  for  device  applications. 

2.1.2  Ultra -Thin  Layer  Growth 

Methods  of  growing  submicron  liquid  phase  epitaxial  GaAs  films  with 
rigid  tolerance  on  layer  thickness  and  carrier  concentration  are  being  developed. 
Emphasis  is  on  uniformity  and  reproducibility  which  are  required  for  high  yield 
in  device  production. 

2.2  Semi-Insulating  Material 

The  goal  is  to  improve  the  state-of-the-art  in  material  growth  and 
characterization,  so  that  a  reproducible  control  on  the  doping  characteristics 
of  the  material  can  be  reached. 
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2.2.1  Crystal  Growth 

Bulk  semi -Insulati ng  GaAs  is  grown  by  the  horizontal  Bridgman 
method.  The  effects  of  different  concentrations  of  compensating  dopants, 
namely  oxygen  and  chromium,  on  the  electrical  properties  of  the  material  are 
being  studied.  New  approaches  aimed  at  a  reduction  of  Si  contamination  are 
being  attempted. 

2.2.2  Material  Evaluation 

The  goal  is  to  evaluate  semi -insulating  GaAs  crystals  prepared  under 
various  conditions.  Effect  of  impurities  and  growth  procedure  on  material 
properties  such  as  resistivity,  carrier  concentration  and  dislocation  densities 
are  studied.  Transport  measurements  are  used  to  test  and  model  the  mechanism 
of  electrical  compensation.  Measurements  of  potential  profiles  across  dc 
biased  p-i-p  and  n-i-n  structures  using  high  resolution  Auger  Electron  Spectro¬ 
scopy  in  a  scanning  electron  microscope  are  employed  to  investigate  the  density 
and  the  characteristics  of  the  electrically  active  traps.  The  effect  of  heat 
treatment  in  Hg  atmosphere  on  the  electrical  compensation  of  the  material  is 
studied  by  measurements  of  sheet  resistance  and  photoluminescence. 

2.3  Ion  Implantation 

The  goal  is  to  investigate  the  effect  of  ion  beam  energy,  dosage, 
and  species  of  impurities  on  the  carrier  concentration  profile  of  ion  implanted 
GaAs  substrates  under  various  annealing  conditions.  The  effectiveness  of  the 
annealing  caps  for  the  substrate  surface  during  the  annealing  process  is  also 
being  investigated.  A  combination  of  controlled  stripping  and  C-V  Hall 
measurements  is  being  used  to  characterize  the  implanted  layers. 


-3- 


SC5017.9QT 


April  28,  1976 


2.4  Material  Characterlzation--Theoretical  and  Experimental  Investigation 
of  the  Effect  of  Material  P'ropertieT  on  Device  Performance' 

Electrical  measurements  performed  on  GaAs  devices  are  employed  to 

evaluate  the  effect  of  material  parameters  on  device  performance.  Basic 

material  parameters,  such  as  the  asymmetry  of  the  hole  and  electron  ionization 

rate  and  saturation  characteri sties  are  derived  from  data  obtained  on  GaAs 

IMPATT  amplifiers.  Surface  passivation  techniques  are  studied.  The  effect  of 

interface  properties  between  the  active  layer  and  the  semi-insulating  substrate 

of  GaAs  FETs  on  device  performance  is  investigated.  FET  devices  made  on 

epitaxially  grown  and  ion  Implanted  active  layers  are  compared. 

3.0  RESULTS 

3.1  Epitaxial  Material  Growth  and  Characterization 

3.1.1  LPE  Activities  at  Stanford  University,  High  Resistivity  GaAs 
During  the  past  quarter,  the  work  was  concentrated  on  finding  the 

bakeout  transition  temperature  for  the  fused  quartz-pyrolytic  boron  nitride- 
hydrogen  (SiOg-BN-Hg)  system.  Twenty-seven  layers  were  grown  in  this  system 
at  bakeout  temperatures  ranging  from  700  to  80CPC.  It  was  found  that  for 
bakeout  temperatures  about  700° C,  with  an  accumulated  bakeout  period  of  more 
than  30  hours  and  a  hydrogen  flow  rate  of  0.6  2/min,  all  layers  were  p-type 
and  had  carrier  densities  larger  than  2xl0^cm"^.  It  thus  appears  that  the 
bakeout  transition  temperature  for  the  SiOg-BN-H^  system  is  below  TOO^C. 

Anodic  oxidation  of  GaAs  in  aqueous  ^2  solutions  was  examined. 
Preliminary  results  show  that  one  can  remove  up  to  0.5/am  of  GaAs  during  each 
anodization  step.  This  technique  will  be  applied  to  differential  Van  der 
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Pauw  measurements  on  semi -Insulating  GaAs  LPE  layers. 

During  this  quarter,  four  high-resistivity  layers  (#1313,  1317, 

1325  and  1326)  were  sent  to  the  Science  Center  for  further  evaluation  and 
device  applications. 

3. 1.1.1  Growth  Studies 

Previous  studies  of  the  SiOg-C-Hg  and  Si 02-BN (C) -Hg  systems  showed 

that  the  bakeout  transition  temperatures  were  775  and  70CfC,  respectively. 

Therefore,  we  expected  that  the  SiOg-BN-H^  system,  without  carbon  in  the  system, 

would  have  a  bakeout  transition  temperature  below  700° C.  However,  the  first 

two  series  of  growths  (series  #1400  and  1500) 1  showed  that  all  of  the  layers 

grown  from  melts  baked  out  at  700° C  in  the  newly  constructed  SiOg-BN^  system 

were  n-type.  Note  that,  in  all  of  our  studies,  a  new  melt  is  used  in  each 

series  of  growths.  The  third  series  of  growths  (#1600) 1  showed  that  for  a 

bakeout  temperature  of  800° C,  the  stabilized  undoped  melt  unyielded  p-type 

14  -3 

layers  with  carrier  densities  in  the  range  of  2x10  cm  . 

In  the  current  growth  series  #1700  (see  Table  3.1.1)  carried  out  at 

a  bakeout  temperature  of  850° C  and  a  bakeout  period  of  15  hours  between  each 

15  15  -3 

growth,  p-type  layers  with  carrier  densities  of  1x10  to  3x10  cm  were  ob¬ 
tained  after  an  accumulated  30  hours  of  bakeout.  When  0.5  atomic  %  of 
chromium  (Cr)  was  added  to  the  same  melt,  the  layers  showed  no  change  in  their 
electrical  properties.  Based  on  these  results,  we  assumed  that  the  bakeout 
transition  temperature  was  in  the  700  to  800° C  range.  Two  more  series  of 
growths  were  carried  out,  #1800  and  1900.  In  growth  series  #1800  (see  Table 
3.2.2),  layers  were  grown  from  a  melt  baked  out  at  temperatures  between  790 
to  750° C.  After  30  hours  of  accumulated  bakeout,  all  grown  layers  were  p-type 
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and  carrier  densities  were  in  the  range  of  3xlQ14cm~^.  In  growth  series 

#1900  (see  Table  3.1.2)  the  first  layer,  grown  from  a  fresh  melt  without 

bakeout,  was  n-type  with  a  carrier  density  of  6xl0^4cm~^.  The  following  two 

growths,  with  a  bakeout  temperature  of  700° C  and  15  hours  of  bakeout  before 

each  growth,  yielded  n-type  layers  with  lower  carrier  densities  (9x10  and 

2x10  cm  ).  However,  when  the  accumulated  bakeout  period  exceeded  30  hours 

at  700° C,  the  grown  layers  were  p-type  and  had  carrier  densities  in  the  range 
14  3 

of  2x10  cm"  .  When  the  same  melt  was  later  baked  out  at  700° C  for  15  hours 

and  a  graphite  lid  placed  on  the  BN  growth  cell,  the  grown  layer  (#1907)  was 

15  -3 

n-type  and  had  a  carrier  density  of  3.4x10  cm  .  This  is  a  significant  re¬ 
sult  which  indicates  that  carbon  is  an  important  ingredient  for  obtaining  com¬ 
pensation  in  our  systems. 

In  summary,  series  #1400,  1500  and  1900  were  grown  under  the  same 
growth  conditions,  but  #1400  and  1500  gave  n-type  layers  whereas  #1900  gave 
p-type  layers  from  stabilized  melts.  This  may  be  due  to  (1)  unknown  impur¬ 
ities  in  the  first  two  series  of  growths,  which  were  carried  out  in  a  newly 
constructed  system  and/or  (2)  the  system  components  were  not  stable  during 
the  early  period  of  operation.  The  above  results  suggest  that  for  bakeout 
temperatures  in  the  range  of  700  to  850° C,  the  dominant  residual  impurities 
from  the  reactions  between  the  system  components  in  the  Si02-BN-H2  system  are 
p-type  and  the  bakeout  transition  tempera turt  appears  to  be  lower  tiian  700° C. 
The  results,  so  far,  obtained  from  studies  of  the  three  growth  systems 
(Si02-C-H2,  Si02-BN(C)-H2,  and  Si02-BN-H2)  show  that  the  Si02-BN(C)-H2  system 
must  be  used  in  order  to  obtain  strong  compensation  between  the  residual  donors 
and  acceptors  and  that  this  system  is  more  suitable  for  growing  semi -in¬ 
sulating  GaAs  LPE  layer  from  Cr-doped  melts. 
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3 . 1 . 1 . 2  Anodic  Oxidation  of  GaAs 

The  anodic  oxidation  of  GaAs  is  being  pursued  to  make  differential 
Van  der  Pauw  measurements  on  semi -insulating  GaAs  LPE  layers.  We  found  that 
with  a  concentrated  (30%)  electrolyte  and  a  few  drops  of  H3P04  added  to 
adjust  the  pH  value  to  2, 2  we  were  able  to  grow  relatively  thick,  uniform 
oxide  layers  on  GaAs.  The  preliminary  results  show  that  a  uniform  oxiao  * 

0.6mm  in  thickness  is  grown  on  a  GaAs  sample  by  anodization  in  boiling  H2O2- 
aqueous  solution  at  a  bias  of  170  V.  The  oxide  can  be  stripped  by  boiling  in 
an  HC1  solution.  The  GaAs  layer  removed  from  the  surface  by  this  process  is 
about  0.5#xm.  This  technique  will  be  used  for  lateral  stripping  in  order  to 
profile  semi -insulating  GaAs  LPE  layers. 

3.1.2  LPE  Activities  at  the  Science  Center 

Over  the  last  quarter,  LPE  activities  at  the  Science  Center  have 

continued  to  fulfill  the  material  requirements  for  the  FET  and  substrate 

evaluation  programs.  Layers  have  been  grown  on  Crystal  Specialties  substrates 

as  well  as  a  number  of  buffer  layers  supplied  by  Stanford  University.  The 

Stanford  layers  consisted  of  both  undoped  p'  and  n"  layers  as  well  as  high 

resistivity  Cr-doped  layers.  In  as  much  as  possible,  parallel  growths  were 

performed  in  order  to  compare  the  effects  of  the  Cr  doped  buffer  vs.  the 

semi-insulating  substrate  on  the  active  layer  and  interface  properties.  Devices 

are  being  fabricated  from  this  material. 

Following  the  process  developed  at  Cornell,  we  have  attempted  to 

grow  several  high  purity  undoped  layers.  Although  we  have  achieved  carrier 

14 

densities  in  the  low  10  range,  the  mobility  at  77K  is  at  least  a  factor  of 
2  lower  than  we  would  expect  from  the  Cornell  data.  Work  is  continuing  and 
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several  double  layers,  which  have  been  grown  for  field  effect  transistor 
devices  are  presently  being  processed. 

Mr.  Yu-min  Houng  of  Stanford  University  spent  a  week  at  the 
Science  Center  performing  measurements  on  active  layers  grown  on  Stanford 
buffer  material.  Annealing  experiments  were  also  initiated  during  Mr. 

Houng 's  visit. 

3.1.3  LPE  Activities  at  Cornell  University 

Work  has  been  done  to  further  study  and  develop  the  properties  of 
liquid  phase  epitaxial  thin  active  channels  and  thicker  pure  buffer  layers, 
as  well  as  to  test  substrates  from  Crystal  Specialties. 

The  purity  of  GaAs  epitaxial  buffer  layers  by  LPE  has  been  inves¬ 
tigated  further  in  an  attempt  to  achieve  doping  concentrations  in  the  low 
13  -3 

10  cm  repeatably.  The  incorporation  of  C  or  CO  from  the  graphite  boat 

into  the  melt  is  believed  to  be  responsible  for  most  of  the  background  donor 

2 

impurities.  Earlier  results  yielded  n-type  layers  with  160,000  cm  /v-s 
mobility  at  77K,  from  melts  baked  24  hours  at  700°C.  Layers  grown  at  665°C. 
from  a  melt  that  was  baked  at  665° C  for  various  impurity  purging  times,  ex¬ 
hibited  relatively  poor  mobilities  in  comparison.  Further  examinations 
showed  that  0^  adsorbed  on  the  graphite  during  the  loading  process  later  forms 
a  thin  oxide  skin  on  the  melt  during  the  bakeout  period  and  this  skin  does  not 
disappear  unless  the  temperature  is  above  700° C.  The  porous  nature  of  the 
graphite  boat  definitely  facilitates  the  C  or  CO  incorooration.  A  new  boat, 
to  be  made  of  densified  graphite,  has  been  designed  and  has  been  ordered. 

The  reduction  of  the  pores  will  consequently  tend  to  reduce  the  0£  adsorption; 
thus,  higher  purity  may  be  expected.  The  wafer  area  also  has  been  increased 
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2  2 

to  3  cm  from  1  cm  ,  so  that  a  uniform  active  layer  thickness  can  be  obtain¬ 
ed  over  a  larger  area. 

In  an  attempt  to  eliminate  the  graphite  entirely,  a  Spectrosil 

(highest  purity  quartz)  sliding  boat  has  also  been  machined.  The  square 

depression  in  the  slider,  and  the  square  bottom  portion  of  the  wells  in  the 

boat  have  been  cut  with  an  ultrasonic  tool.  The  groove  on  the  boat  for  the 

slider  was  made  with  repeated  cuts  with  a  diamond  saw.  The  quartz  surfaces 

that  are  in  contact  with  the  Ga  have  been  roughened  with  abrasive  to  prevent 

the  Ga  from  wetting  and  thus  leaking  through  the  cracks.  This  boat  has  been 

subjected  to  a  thorough  chemical  cleaning  procedure  and  it  is  ready  for  the 

first  melt.  The  undoped  layers  are  expected  to  be  lightly-doped  p-type  (from 

a  small,  equilibrium  amount  of  Si  contamination)  with  a  net  acceptor  level  of 
13  -3 

approximately  2x10  cm  .  When  n-type  layers  are  desired,  a  small  amount  of 

2 

tin  will  be  added  to  the  melt.  A  mobility  of  over  200,000  cm  /v-sec  at  77K, 

13  -3 

with  an  associated  total  impurity  concentration  of  6x10  cm  can  be  ultimately 
expected  If  this  method  succeeds. 

Tests  made  on  Crystal  Specialties  substrates  show  a  remarkable  im¬ 
provement  in  surface  conversion  resistance  after  baking.  The  earliest  material 
tested  yielded  less  than  1,0000  resistance  between  electrodes  evaporated  on 
chromium-doped  GaAs  surfaces  after  baking  at  700° C  for  7  hrs.  The  most  recent 

material  tested  yielded  over  30  Megohms  after  baking  at  700*  for  10  hrs.  The 

15  3  2 

high  purity  of  undoped  layers  (low  10  cm  net  donors  and  over  7000  cm  /v-s 
mobility  at  300K)  grown  at  Crystal  Specialties  and  also  used  by  us  for  source 
crystals  for  liquid  phase  epitaxy,  has  allowed  them  to  achieve  high  resistivity 
with  low  concentration  of  added  (3  -  4x10  cm  )  chromium  atoms.  This  may  be 
related  to  the  improvements  in  the  surface  conversion  problem. 
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FET  devices  were  processed  and  tests  made  from  one  of  the  LPE 
16  3 

wafers  with  about  8x10  cm  in  the  active  layer  and  with  10,000a  sheet 
resistance  in  the  (5#xm)  buffer  layer,  at  Bell  Laboratories.  With  .Bum  gate 
length  and  50Q)um  gate  width,  transconductance  values  about  60  millimhos  were 
measured,  which  equalled  the  highest  value  obtained  at  that  laboratory  with 
their  own  material.  At  6  GHz,  a  value  of  2.3  dB  noise  figure  with  9  dB  of 
associated  gain  was  obtained.  No  looping  was  detected  in  the  I-V  curves 
when  the  devices  were  tested  in  the  dark.  The  substrate  was  obtained  from 
Laser  Diode  Corporation.  It  is  expected  that  significant  improvement  can  be 
expected  in  this  performance  with  the  better  substrates  now  available  from 
Crystal  Specialties,  and  with  significantly  higher  sheet  resistance  in  the 
buffer  layers. 

3.2  Semi -Insulating  Substrate  Material 

3.2.1  Material  Growth  at  Crystal  Specialties 

In  the  previous  report1  the  possibility  of  carbon  in  the  form  of  CO 
or  C02  causing  lineage  was  discussed.  It  is  felt  that  this  gas  acts  as  an 
impurity  which  is  soluble  in  the  molten  GaAs  and  can  cause  growth  problems 
if  it  exceeds  the  solubility  limit.  CO  or  C02  was  formed  when  residual  02 
reacted  with  the  carbon  cloth  used  to  line  the  quartz  boats.  Although  carbon 
cloth  was  not  used  when  Cr-doped  material  was  grown,  carbon  could  be  coming 
from  backstreaming  of  the  turbo-molecular  pump.  It  was  further  conjectured 
that  if  CO  or  C02  were  causing  lineage  then  any  gas  other  than  As  could  well 
be  causing  growth  problems,  manifested  by  high  dislocation  densities  and 
1 1 neage . 
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A  new  all  stainless  steel  vacuum  manifold  with  a  liquid  nitrogen 
trap  was  constructed.  The  use  of  all  backfill  gases  such  as  helium  or 
ni trigen  were  also  eliminated.  The  results  were  that  lineage  was  reduced 
to  almost  zero.  Etch  pit  densities  have  also  been  significantly  reduced  in 
much  of  the  material. 

Unfortunately,  the  production  of  Cr  doped  material  is  still  some¬ 
what  erratic.  The  problem  which  still  exists  is  caused  by  wetting  or  keying 
of  the  growing  crystal  to  the  quartz  boat  material.  If  a  wetting  condition 
exists,  the  growing  crystal  is  stressed  by  the  difference  in  contraction  of 
the  quartz  and  the  cooling  GaAs  boule.  Stress  causes  high  dislocation  den¬ 
sities  and  twinning  in  the  crystal. 

All  of  the  factors  causing  boat  wetting  are  not  understood.  It  is 
known  however,  that  water  from  inadequate  pumpdown  or  OH  from  etch  residues 
causes  wetting.  Quartz  with  high  OH  content  is  also  known  to  cause  boat  wett¬ 
ing.  Quartz  which  has  been  produced  with  a  hydrogen-oxygen  flame  can  not  be 
used  to  produce  GaAs  by  the  boat  process.  It  is  probable  that  one  of  the  most 
important  and  uncontrollable  factors  is  reproducibility  of  quartz  quality.  At 
this  time  Crystal  Specialties  has  no  way  of  monitoring  the  incoming  quartz  for 
OH  content. 

Effort  is  being  made  to  reduce  the  wetting  problem  by  the  addition 
of  resistance  bakeout  furnaces.  At  the  present,  bakeout  is  accomplished  with 
an  oxygen -hydrogen  torch,  which  Is  not  a  repeatable  procedure.  Attempts  will 
bt  made  to  work  in  cooperation  with  a  quartz  supplier  in  an  attempt  to  produce 
or  select  quartz  with  low  OH  content. 
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3.2.2  Semi -Insulating  Material  Evaluation  at  the  Science  Center 

A  compilation  of  all  the  Information  available  on  the  Crystal 
Specialties  substrates  utilized  under  this  contract  has  been  made.  The  in¬ 
formation,  stored  on  a  computer  file,  is  indexed  by  boule  number  and  type  of 
experiment,  for  example,  bulk  growth,  bulk  measurements,  implantation,  buffer 
layers,  devices,  etc.  Table  3.2.1  constitutes  a  quick  reference  index  for  this 
filing  system.  The  X's  on  this  table  indicate  what  information  is  available  on 
what  boule.  A  description  of  the  abbreviations  used  in  Table  3.2.1  is  contain¬ 
ed  in  Table  3.2.2.  This  information  will  be  periodically  updated,  and  a  print¬ 
out  of  the  table  and  all  the  stored  information  will  be  periodically  distrib¬ 
uted  among  the  participants  of  the  program.  For  the  sake  of  simplicity,  the 
information  stored  is  very  concise.  If  details  are  needed,  they  can  be  ob¬ 
tained  directly  from  the  person  who  performed  the  experiment. 

In  our  recent  semi-annual  report1,  transport  measurements  on  semi- 
insulating  GaAs  with  low  and  high-Cr  concentration  were  presented  and  analyzed 
in  terms  of  models  for  the  electrical  c;  ipensation.  The  data  from  the  low-Cr 
material  did  not  support  the  "conventional  model"  with  deep  Cr  acceptors  com¬ 
pensating  residual  shallow  donors.  It  was  shown  that  a  deep  donor  level  had 
to  be  incorporated  into  the  model,  leading  to  a  deep-donor-deep-acceptor  model. 
With  such  model  it  was  possible  to  interpret  the  experimental  data.  The  deep 
donor  level  was  assigned  to  oxygen. 

Our  analysis  of  the  high-Cr  data1  indicated  that  in  this  case  both 
electrons  and  holes  had  nonnegliglble  contributions  to  the  electrical  con¬ 
ductivity.  The  results  of  a  nonlinear  least  square  fit  were  -  E^  *  0.84  eV 
and  N^/Nq  =  1.06  where  Ec  -  E^  was  the  depth  of  the  acceptor  level  measured 
from  the  conduction  band,  was  the  acceptor  density,  and  was  the  donor 
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density.  However,  the  equation  to  which  the  data  were  fitted  (Eq.  14  in  Ref.l) 
was  based  on  the  assumption  that  the  donors  were  all  ionized.  This  assumption 
becomes  questionable  when  N^/ND  is  nearly  one  and  the  donor  and  acceptor  levels 
are  not  far  apart  from  each  other.  Therefore,  a  more  complete  analysis  of  high¬ 
er  data  was  necessary. 

Starting  from  the  condition  of  charge  neutrality  for  semi -insulating 
GaAs  which  takes  the  simple  form 


(1) 


because  the  free  carrier  concentrations  n  and  p  are  negligibly  small,  and  sub¬ 
stituting  the  Fermi  functions  leads  to 


N, 


N, 


1  +  expT(E^-EF)/kTl  =  T’+”exp[ 


(2) 


where  E^  and  EQ  are  the  energies  of  the  acceptor  level  and  donor  level  respect¬ 
ively,  k  is  Bolzman's  constant  and  T  is  the  temperature.  Eq.  (2)  can  be  solved 
for  the  Fermi  energy  Ep,  which  can  then  be  substituted  in  Eq.  (13)  of  Ref.  1 
leading  to  a  general  expression  for  the  electrical  resistivity.  With  this 
purpose,  the  new  variables 


E0  -  (Ed  ♦  Ea)/2 

(.3) 

G  3  e*p{  (Eq  -  Ep)/kT  J 

(4) 

are  introduced.  Substituting  EQ  and  G,  Eq.  (2)  becomes  a  quadratic  equation 
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for  G  which  can  be  solved: 


(1/2)  |  -  (l-N,/ND)exp  (  (Ed  -  EA)/2kT  1  + 

+  [(l-NA/NQ)2exp  [  (E0 -EA)/kTl  +  4(Na/Nd)  1/2| 


(5) 


Combining  Eq.  (13)  of  Ref.  1  and  Eqs.  (3)  -  (5),  the  electrical  conductivity 
p'1  becomes 


P'1  3  (qneNc/G)exp  [ -(Ec  -  EQ)/kT  ]  +  qphNyG  exp  [  -(EQ  -  Ey)/kT  ]  .  (6) 

Eqs.  (5)  and  (6)  express  the  electrical  resistivity  as  a  function  of  tempera¬ 
ture,  and  of  the  density  and  energy  of  donors  and  acceptors.  Notice  that  the 
donor  and  acceptor  densities  NQ  and  NA  appear  only  in  ratios  NQ/NA.  This  orig¬ 
inates  from  the  form  of  Eq.  (2),  and  it  is  a  direct  consequence  of  n  and  p 
being  negligible  in  the  condition  of  charge  neutrality  set  by  Eq.  (1).  Eq.  (14) 
in  Ref.  1  can  be  derived  from  Eqs.  (5)  and  (6)  when  NA»  Ng. 

The  result  of  a  nonlinear  least  square  fit  of  the  high-Cr  data  in 
Fig.  3.2-2  of  Ref.  1  is  shown  with  a  solid  line  in  Fig.  3.2-1.  The  two  straight 
broken  lines  represent  the  separate  contributions  of  electrons  and  holes  to  the 
resistivity.  The  least  square  fit  was  done  after  replacing  the  numerical  values 
of  the  constants3  and  the  values  of  the  mobilities  (Table  3.2-5,  Ref.  1)  in 
Eqs.  (5)  and  (6).  NA/Ng  and  Ec EA  were  the  adjustable  parameters.  Ec-Eg 
was  treated  as  a  fixed  parameter.  The  excellent  fit  shown  in  Fig.  3.2-1  was 
obtained  with  Ec  -  Eg  =  0.006  eV,  NA/Ng  =  1.04  and  Ec  -  EA  =  0.83  eV. 

Fig.  3.2-2  shows  how  the  results  of  the  least  square  fit  depend  on 
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Fig.  3.2-1  Result  of  a  nonlinear  least  square  fit  of  the  high-Cr 
data  of  Fig.  3.2-2,  Ref.  1,  for  Ec  -  Eg  *  0.006  eV. 

Fitting  parameters:  NA/NQ  *  1.04;  Ec  -  EA  *  0.83  eV. 

The  dots  represent  the  experimental  points.  The  dashed 
straight  lines  represent  the  separate  contributions  of 
electrons  and  holes. 
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the  value  assigned  to  Ec  -EQ.  In  this  figure,  the  mean  square  deviation  is 
plotted  against  Ec  -  Ep  along  with  the  resulting  values  of  NA/NQ  and  EC-EA. 

The  curve  for  e  shows  that  a  good  fit  cannot  be  obtained  with  the  donor  level 
where  it  was  in  the  low-Cr  case  (Ec  -  ED  =  0.72  eV).  The  donor  level  must  in¬ 
stead  be  placed  closer  to  the  conduction  band  at  a  distance  between  0  and  0.2  eV. 
In  this  range  the  values  of  N^/Nq  and  Ec  -  EA  are  practically  independent  of 
Ec-Ed.  Although  the  best  fit  is  obtained  for  Ec  -  EQ  =  0,  there  is  some  in¬ 
determination  in  the  value  of  Ec-Eq  because  the  curve  for  e  in  Fig.  3.2-2 
has  almost  zero  slope  near  zero.  The  value  Ec  -  EQ  =  0.006  eV,  equal  to  the 
depth  of  shallow  donors  in  GaAs  was  chosen4  because  no  other  donor  level  in 
the  range  between  0  and  0.2  eV  from  the  conduction  band  where  the  curves  are 
almost  flat  was  known  to  us.  The  least  square  fit  analysis  was  done  with  the 
constraint  that  the  donor  level  was  above  the  acceptor  level  (Ec  -  EQ  <  Ec  -  EA) . 
Another  good  fit  could  be  obtained  with  the  opposite  constraint,  but  it.  would 
lead  to  the  unrealistic  results  Ec  -  E^  =  0.90  eV,  N^/N^  =  120  and  Ec  -E^  = 

0.72  eV. 

The  results  of  the  least  square  fit  analysis  could  not  be  significantly 
altered  by  modifying  some  of  the  fixed  parameters  used  in  the  calculation  even 
far  beyond  their  error  margins.  By  manipulating  the  values  of  the  electron  and 
hole  mobility  within  reasonable  limits,  it  was  not  possible  to  revert  either 
the  conclusion  that  na/nq>  1  or  the  conclusion  that  the  donors  were  shallow. 

The  final  results  N^/N^  =  1.04  and  Ec  -  E^  =  0.83  eV  are  very  close  to  those 
reported  earlier.1  The  reason  is  that  when  the  donors  are  shallow,  Eq-Ea»  kT 
and  Eq.  (14)  of  Ref.  1  becomes  a  good  approximation  to  Eqs.  (5)  and  (6). 

The  results  of  the  least  square  fit  discussed  above  show  that  in 
the  high-Cr  case  the  p  vs.  T  data  are  well  described  by  a  deep  acceptor  level 
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compensating  shallow  donors.  This  situation  is  different  from  the  low-Cr  case 
in  which  deep  donors  are  the  main  compensating  impurities.  We  conclude  that 
there  is  a  large  difference  in  the  relative  density  of  deep  and  shallow  donors 
between  the  low-  and  high-Cr  material.  It  is  not  clear  at  this  point  how  such 
difference  relates  to  the  conditions  under  which  the  crystals  were  grown.  A 
direct  correspondence  between  the  difference  in  donor  populations  and  the  con¬ 
centrations  of  0  and  Si  impurities  in  the  mass  spectrographic  data  of  Table 
3.2-4  in  Ref.  1  is  not  found.  Lack  of  a  direct  correspondence  may  be  due  to 
the  existence  of  impurity  complexes  that  may  lower  the  density  of  electrically 
active  impurities,  or  to  the  presence  of  precipitates  in  which  considerable 
portions  of  some  impurities  may  be  segregated. 

Studies  of  the  effects  of  heat  treatment  on  semi -insulating  GaAs  have 
been  continued.  We  have  observed  that  annealing  semi -insulating  samples  in 
a  H2  atmosphere  simulating  the  type  of  heat  treatment  that  occurs  in  epitaxial 
growth  tends  to  form  p-type  surface  layers  while  capping  the  same  materials 
with  Si 2^4  and  annealing  simulating  the  conditions  of  post-implantation  anneal, 
tend  to  form  n-type  surface  layers.  In  order  to  study  this  different  behavior, 
photoluminescence  spectra  at  77K  from  both  types  of  samples  were  measured.  In 
both  cases  the  spectra  have  a  strong  gap  recombination  peak  at  1.508  eV  and  a 
broad  emission  peak  below  the  gap.  However,  the  position  of  this  peak  is 
different  for  the  two  types  of  samples.  For  the  samples  heat  treated  in  H2 
atmosphere,  the  peak  is  centered  at  1.39  eV  while  for  the  capped  and  annealed 
sample  the  peak  is  centered  at  1.36  eV.  This  difference  indicates  that  differ¬ 
ent  complexes  are  formed  in  each  case.  Unfortunately,  the  information  on  im¬ 
purity  levels  supplied  by  photoluminescence  spectra  may  be  incomplete  because 
there  are  nonradiative  transitions  in  semi -insulating  GaAs.  Transient  capacit- 
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ance  measurements  which  have  the  advantage  of  detecting  levels  regardless  of 
whether  the  transitions  are  radiative  or  not  will  be  made  in  order  to  supple¬ 
ment  the  information  from  photoluminescence  spectra. 


3.3  Ion  Implantation 

Low  dose  Se  implantations  have  been  carried  out  using  samples  from 
8  different  boules  of  semi-insulating  GaAs  obtained  from  Crystal  Specialties, 
Inc.  in  an  effort  to  evaluate  the  effect  of  substrate  differences  on  low  dose 
implantation  results.  Unimplanted  samples  and  krypton  bombarded  samples  from 
these  same  boules  were  coated  with  sputtered  silicon  nitride  at  the  same  time 
as  the  Se  implanted  samples.  The  krypton  bombardment  was  carried  out  at  the 
same  energy  and  dose  as  the  Se  implantation  in  order  to  simulate  the  damage 
produced  during  the  Se  implantation.  All  samples  were  annealed  at  85(f  C  for 
30  min.  Unimplanted  and  krypton  bombarded  samples  from  three  boules  showed 

2 

conducting  layers  with  sheet  resistances  in  the  range  from  about  500  -2000  ohm 

following  annealing.  Sheet  resistance  and  sheet  electron  concentration  data 

for  these  samples  are  shown  in  Table  3.3.1.  The  krypton  bombarded  samples 

appear  to  exhibit  slightly  larger  changes  than  do  the  samples  which  were  not 

bombarded.  The  material  in  boule  2132  which  showed  the  greatest  change,  con- 

17  3 

tained  a  deliberately  high  chromium  content  (>  10  cm  ).  The  unimplanted  and 
krypton  bombarded  samples  from  the  other  5  boules  remained  semi-insulating 
following  annealing.  The  sheet  resistance  for  a  typical  insulating  sample  is 
also  shown  in  the  Table. 

Electron  concentration  vs.  depth  profiles  were  measured  with  an 
automatic  C-V  profiler  for  all  the  Se  implanted  samples.  Typical  results 
are  shown  in  Fig.  3.3-1.  Substrate  2132,  which  had  the  very  high  chromium 


-23- 


■ » ft 


Unimplanted  1.8x10  -400  keV  Kr  ions/on* 

Ps(  Q/O)  Ns(cm'2)  Ps(n/G)  Ns(cm-2) 

2132  -  1500  482  4.2xlQ12 

2299  2250  5xl0U  -  1500 

1220  IxlO12 

-  6xl08 


2312 

Typical  Good  Material 
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content,  exhibited  a  much  higher  electron  concentration  than  any  of  the  other 
Se  Implanted  samples.  A  typical  profile  obtained  from  an  implant  into  good 
semi -insulating  material  is  shown  In  the  figure.  The  profile  obtained  from 
a  similar  Se  implant  into  low  electron  concentration  epitaxial  material  is 
also  shown.  These  two  profiles  are  quite  close  to  each  other.  The  effect  of 
implanting  into  material  from  boules  2299  or  2312  is  indicated  by  the  profile 
labeled  "bad  semi-insulating."  It  can  be  seen  that  the  principal  effect  is  a 
considerably  deeper  tail  than  is  observed  for  the  good  semi -Insulating  or 
epitaxial  substrates.  The  reproducibility  of  the  profiles  obtained  by  im¬ 
plantation  into  semi-insulating  material  from  the  5  good  boules,  was  about 
±  10%  in  both  maximum  doping  level  and  doping  depth. 

A  capless  annealing  technique,  which  was  described  in  a  recent 
publication  submitted  for  approval,  has  been  used  to  anneal  high  dose  Se  im¬ 
plantations  into  semi -insulating  GaAs.  Annealing  has  been  carried  out  mainly 
at  850°C  but  some  samples  have  been  annealed  at  900° C.  Comparison  of  samples 
implanted  with  the  sane  high  dose  of  Se  and  annealed  for  the  same  time  and 
temperature  indicates  that  about  the  same  maximum  electron  concentration  can 
be  achieved  by  the  capless  annealing  technique  as  can  be  obtained  by  annealing 
with  an  aluminum  oxy-nitride  cap.  The  peak  of  the  electron  concentration 
profile  tends  to  be  somewhat  deeper  when  the  capless  technique  Is  used  as  com¬ 
pared  to  the  result  using  aluminum  oxy-nitride.  Sheet  resistances  obtained 
using  the  capless  technique  are  slightly  higher  than  those  obtained  using 
aluminum  oxy-nitride.  The  results  of  these  measurements  will  be  reported  in 
detail  in  the  next  semi-annual  report. 

Preliminary  experiments  have  been  carried  out  to  determine  the 
lattice  location  of  sulfur  implanted  into  GaAs.  Proton  induced  X-rays  have 
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have  been  used  to  detect  the  Interaction  of  a  channeled  proton  beam  with  the 

1C  o 

Implanted  S  atoms.  With  an  Implant  dose  of  1x10  100  keV  S  lons/cnr,  the 

S  K  X-ray  peak  height  Is  comparable  to  the  height  of  the  broad  X-ray  back¬ 
ground  observed  when  GaAs  Is  bombarded  with  protons.  Preliminary  channeling 
data  indicate  that  Sis  largely  substitutional  following  Implantation  at  350^0. 
Further  work  is  required  in  order  to  make  a  quantitative  estimate  of  the  amount 
of  substitutional  sulfur. 

Work  on  the  reordering  of  amorphous  layers  on  GaAs  has  been  con¬ 
tinued.  Recent  transmission  electron  microscopy  and  glancing  angle  X-ray 
diffraction  measurements  indicate  that  the  reordering  of  the  amorphous  layer 
1"  epitaxial  upon  the  underlying  GaAs  but  that  the  reordered  layer  contains 
substructure.  The  nature  of  the  substructure  is  not  clear  at  present  but  it 
may  consist  of  antiphase  domains.  Further  work  will  be  required  to  clearly 
illucidate  the  nature  of  this  substructure  in  reordered  layer.  Backscattering 
is  produced  by  the  substructure.  This  suggests  that  it  is  necessary  to 
r  evaluate  the  use  of  backscattering  as  a  tool  in  studying  the  reordering  of 
yers  which  are  found  to  contain  substructure.  The  influence  of  this  sub¬ 
structure  on  the  doping  resulting  from  implantation,  in  which  an  amorphous 
layer  is  produced,  is  not  clear  at  present.  A  paper  describing  the  details  of 
the  present  work  is  in  preparation  and  the  results  will  be  included  in  the 
next  semi-annual  report. 

3.4  Investigation  of  the  Effect  of  Material  on  Device  Performance 

3.4.1  FET  Devices 

The  GaAs  FET  with  l^m  gate  length  is  being  used  as  a  test  vehicle  in 
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the  contract  program  to  measure  the  effects  of  substrates  and  the  effective¬ 
ness  of  high  resistance  layers  used  to  buffer  substrates.  At  present  we  are 
fabricating  and  measuring: 

(a)  FETs  from  single  epitaxial  layers  on  semi -insulating  substrates, 

(b)  FETs  from  buffered  two  layer  epitaxial  combinations  which  con¬ 
sist  of  a  layer  of  high  resistance  epitaxy  between  the  active 
thin  layer  and  the  semi-insulating  substrate, 

(c)  FETs  from  implanted  layers  on  semi -insulating  substrate,  and 

(d)  FETs  from  implanted  layers  in  high  resistance  epitaxial  layers 
(buffer  layers). 

Results  of  comparative  measurements  of  FET  performance  will  be  available  in 
the  next  report. 

3.4.2  GaAs  Ionization  Coefficients,  Cornell  University 

In  the  last  quarterly  report,  several  measurements  of  electron  ioniza 
tion  rates  in  different  doping  ranges  of  GaAs  were  given.  Since  only  electron 
ionization  rates  were  analyzed,  the  results  given  were  subject  to  possible 
systematic  error  in  the  doping  range  where  the  hole  ionization  coefficient  was 
greater  than  that  of  electrons. 

In  order  to  understand  tfie  unusual  effect  of  doping  density  on  the 

apparent  ionization  coefficient  and  to  substantiate  the  interpretation  of  this 

effect  as  being  due  to  interband  scattering,  it  is  necessary  to  obtain  as 

accurate  data  as  possible.  This  report  describes  what  we  believe  to  be  our 

most  accurate  measurements  of  both  hole  and  electron  ionization  coefficients 

IS  3 

made  in  the  same  junction  on  epitaxial  material  of  9.5x10  cm  donor  density. 
Most  of  the  GaAs  epilayers  available  at  hand  are  not  suitable  for 
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making  accurate  multiplication  measurements.  The  difficulties  range  from  non- 
uniform  doping  to  high  trap  densities.  In  the  latter  case,  large  hysteresis 
loops  were  found  between  the  up-trace  and  down-trace  of  the  multiplication 
measurements.  Also,  the  measurements  were  very  sensitive  to  excitation  of 
deep  levels  by  ambient  room  Illumination.  Data  taken  from  those  samples  were 
not  consistent. 

We  have,  however,  obtained  one  piece  of  material  which  is  free  from 

the  complications  mentioned  above.  The  material  was  grown  by  VPE  technique  at 

15  -.1 

Raytheon.  The  doping  of  the  active  layer  was  found  to  be  9.5x10  cm  .  Plat¬ 
inum  Schottky  barriers  were  sputtered  on  and  the  material  was  sintered  at  300° C 
for  45  min.  A  flat  bottomed  well  was  anodically  etched  out  from  the  substrate 
side,  such  that  the  thickness  of  the  diode  substrate  was  about  1  mil.  In  this 
structure,  pure  holes  and  pure  electrons  can  be  injected  into  the  same  diode. 
Electron  injection  was  obtained  by  illuminating  the  top  of  the  opaque  platinum 
contact.  Hole  injection  was  obtained  by  strong  illumination  of  the  substrate 
side  with  non-penetrating  radiation  and  diffusion  of  the  generated  holes  to 
the  high  field  region.  Different  frequencies  of  the  light  source  were  used  to 
insure  pure  electron  or  hole  injection.  Measurements  were  made  on  several  diodes 
and  they  were  consistent.  The  multiplication  data  are  shown  in  Fig.  3.4-1. 

The  values  of  a  and  0  were  calculated  from  the  data  in  Fig.  3.4-1 
and  the  following  relationships  of  a,  0,  Mn  and  Mp: 
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Electron 

Multiplication 


Hole 

Multiplication 


Reverse  Bias  (volts) 

Fig.  3.4-1  Multiplication  curves  initiated  by  holes  and  electrons  on 
n-type  GaAs  with  N.  3  9.5xlQl3cm“3. 
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where  E^  *  peak  field 

*  multiplication  of  electron 
Mp  *  multiplication  of  hole. 

The  calculated  results  together  with  Stillman's  results5  and  previous  measure¬ 
ments1  of  electron  ionization  rate  are  shown  in  Fig.  3.4-2.  Stillman's  data 

16  -3 

were  taken  on  a  sample  with  doping  =  1  -  2x10  cm  and  it  is  obvious  from 

these  data  that  0  is  greater  than  a.  The  values  of  a  and  0  for  our  data  are 
almost  the  same. 

This  new  data  are  consistent  with  the  observed  crossover  of  electron 

and  hole  ionization  rates.  There  is  no  doubt  from  our  previous  measurements 

that  hole  ionisation  dominates  for  donor  densities  substantially  greater  than 
16  3 

10-10  cm  and  that  electron  ionization  dominates  at  densities  of  a  few  times 

15  3  15  3 

10  cm  .  The  quantitative  measurements  for  Nd  =  9.5xlOJ‘  cm  are  consistent 

with  the  data  of  Stillman  et  al.5  According  to  our  present  interpretation, 

the  hole  ionization  coefficient  should  remain  substantially  the  same  for  a  wide 

range  of  doping  density,  but  the  effective  electron  coefficient  should  decrease 

substantially  at  higher  doping. 


4.0  FUTURE  PLANS 


4.1.1  LPE  Activities  at  Stanford  University  -  High  Resistivity  LPE  GaAs 

A.  Further  studies  on  the  control  of  the  growth  conditions  in  the 

S i Og -BN (C ) -Hg  system  at  the  transition  temperature  will  be  carried  out  in  order 
to  demonstrate  the  growth  reproducibility  of  semi -insulating  GaAs  LPE  layers. 

B.  Additional  growths  will  be  carried  out  below  the  70(fC  bakeout 
temperatures  to  determine  the  transition  temperature  in  our  SiOg-BN-Hg  system. 
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C.  Studies  on  the  carrier  density  profiles  and  the  effects  of  the 
substrate  on  semi-insulating  GaAs  layers  will  be  made  by  oxide  stripping  and 
differential  Van  der  Pauw  measurements. 

D.  Studies  on  the  interface  properties  between  the  active  epitaxial 
layer  (grown  at  the  Science  Center)  and  the  high  resistivity  buffer  layer  will 
be  carried  out. 

4.1.2  LPE  Activities  at  the  Science  Center 

The  growth  of  active  FET  layers  on  both  Crystal  Specialties  substrate 
and  Stanford  buffer  material  will  be  performed  as  needed  on  a  routine  basis. 

We  will  also  continue  to  investigate  double  layer  buffer  growths  for  FETs. 


4.1.3  LPE  Activities  at  Cornell  University 

In  the  next  period,  the  buffer  layers  grown  in  the  Spectrosil  boat 
will  be  characterized.  Some  of  these  layers  will  be  sent  to  the  Science  Center 
for  ion  implantation.  Some  buffered  FET  layers  grown  in  the  Spectrosil  boat 
and  the  dense  graphite  boat  will  also  be  sent  to  the  Science  Center  for  FET 
process i ng. 


Semi-Insulating  Substrate  Material 


4.2.1  Material  Growth 

Semi-insulating  material  will  be  supplied  as  needed  for  epitaxial 
growth  and  ion  implantation.  Statistical  data  will  be  accumulated  in  order  to 
quantify  the  reproducibility  of  bulk  growth  of  semi-insulating  material.  Attempts 
to  reduce  the  wetting  problem  by  improvement  of  the  bakeout  procedure  for  quartz 

-33- 


SC5Q1 7.9QT 


April  28,  1976 


will  be  made. 

4.2.2  Material  Evaluation  at  the  Science  Center 

The  measurement  of  transport  properties  will  be  continued  in  order 
to  build  some  statistical  information  on  a  variety  of  samples.  Study  of 
effects  of  heat  treatment  will  be  continued  using  photoluminescence  techniques. 
In  addition,  transient  capacitance  measurements  will  be  attempted  in  order  to 
complement  the  information  on  deep  levels  in  the  heat  treated  material.  Trans¬ 
ient  capacitance  measurements  will  also  be  made  on  n-type  layers  formed  by  im¬ 
plantation  in  different  substrates  and  buffer  layers  in  order  to  determine  and 
compare  the  energy  and  density  of  deep  levels. 

4.3  Future  Plans  -  Ion  Implantation 

Substrate  qualification  tests  of  the  type  described  in  Section  3.3 
will  be  carried  out  on  material  from  other  boules  of  semi-insulating  GaAs  as 
they  become  available  from  Crystal  Specialties  in  order  to  gather  information 
on  the  amount  of  material  produced  which  seems  to  be  suitable  for  implantation. 
Sulfur  lattice  location  experiments  will  be  continued  and  measurements  will  be 
performed  on  annealed  samples  following  either  room  temperature  or  e.avated 
temperature  implant.  Further  TEM  studies  of  reordered  amorphous  layers  will 
be  carried  out. 

4 . 4  Investigation  of  Material  Parameters  on  Device  Performance 

4.4.1  FET  Devices 

Fabrication  of  FET  devices  on  epitaxial  layers  with  and  without  buffer 
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layers  and  on  layers  made  by  implantation  in  substrates  and  buffer  layers 
will  be  continued.  Comparative  measurements  of  FET  performance  will  be  made. 

4.4.2  GaAs  Ionization  Coefficients,  Cornell  University 

Attempts  will  be  made  to  extend  the  electron-hole  ionization  coeffic 
ient  measurements  to  other  doping  densities.  The  principal  limitation  in  this 
regard  is  obtaining  epitaxial  material  of  good  quality.  Work  will  continue  on 
trying  to  understand  and  quantitatively  describe  the  systematic  errors  caused 
by  deep  levels. 
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